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Exp.erim.entaI results on the magnetostatic surface wave resonance characteristics of planar 
yttnu~ Iron garnet resona.tors are given. Single-mode resonance with wide tunability range 
and hIgh Q have been achIeved. Q as high as 3500 and insertion loss as low as 13 dB with off-
resonance rejection as high as 15 dB have been achieved at 6 GHz. A microwave oscillator 
built with the resonators and a laboratory-made hybrid amplifier provided oscillations in the 
range 3-:-5.3 GHz with phase noise of - 105 dBc/Hz at 10 KHz offset/rom the carrier 
frequency. 
INTRODUCTION 
Magnetostatic wave propagation (MSW) in EPI 
yttrium iron garnet (YIG) film satisfies the equations: 
VXh = Oorh = "ilrpand "il'e = o whereh and earethe small 
signal magnetic field and electric field vectors. The wave can 
propagate in three modes such as surface, forward volume 
wave, and backward volume wave. I The surface wave mode 
(MSSW) is excited when the bias field lies on the surface of 
the YIG plane such that the field direction is normal to the 
propagation direction. For backward-wave volume wave 
(MSBVW) the field is in the direction of the wave propaga-
tion, and for forward volume wave (MSVW) the field is 
perpendicular to the YIG surface. 
Magnetostatic wave (MSW) devices form the basis of a 
new emergence of microwave analog signal processing. 
Among these devices, MSW resonators and the correspond-
ing loop transducers can be fabricated using conventional 
UV photolithography. It provides broad frequency tunabi-
lity (2-18 GHz) by an external magnetic field. The insertion 
loss is low, and the Q is moderate, whereas for acoustic wave 
resonators one needs submicron photolithography; though 
Q is usually high the insertion loss is also very high at micro-
wave frequencies. It is well known that YIG sphere resona-
tors operate well at microwave frequencies, but require te-
dius and expensive fabrication procedures. MSW 
techniques, however, provide a simpler means of obtaining 
very-high-Q resonators for MSW oscillator and complex fil-
ter functions. 
Magnetostatic surface waves are predominantly mag-
netic, dispersive electromagnetic waves I that propagate with 
the field maxima at the ferrite top and bottom surfaces. With 
a conducting plane close to one of the surfaces the wave 
dispersion for the waves propagating through the top and 
bottom surfaces are different. The forward MSSW mode is 
one for which the wave energy is confined to the top surface 
?fthe YIG and the reverse mode is one for which the energy 
IS confined to the bottom surface, and this has a higher inser-
tion loss than the forward mode. It is the reverse mode of 
MSSW that gives rise to the MSSW resonances. 
During the early investi.gations of MSW it was found 
a) Present address: Radiology Department. The Bowman Gray School (If 
Medicine. 300 S. Hawthorne Road, Winston Salem, NC 27103. 
that resonances occur in rectangular slabs of YIG.2 MSW 
resonators, however, have been built using thin films ofYIG 
with grating reflectors.3-6 The grating elements which act as 
reflectors to MSW waves are formed by several types of dis-
continuities, such as (i) chemically or ion-hearn-milled 
etched groove arrays, or (ii) metal dot arrays. Resonators 
other than grating elements have been investigated by utiliz-
ing the straight edges produced by cutting the YIG films 
with a wafer saw.7.8 Though high-Q resonances have been 
obtained, the insertion losses are higher and the resonances 
are multimoded, and mode crossing occurs for tunability 
over wide frequency ranges. 
The present investigation on a grating resonator shows 
that such a resonator can be made with the foHowing charac-
teristics: 
( 1) Wide tunability range. 
(2) Very-high-Q and high off-resonance rejection. 
(3) Only single-mode resonance which is essential for 
the use of a resonator in a microwave oscillator. 
( 4 ) Insertion loss lower and Q higher than that reported 
in the literature.2-6 
DESCRIPTION OF THE RESONATOR 
A schematic of a two-port MSSW resonator along with 
its equivalent circuit is shown in Fig. 1. The two-port planar 
YIG (the YIG film is grown epitaxially on 250-j.lm GGG 
substrate) resonator consists of a pair of distributed grating 
elements [in the form of two etched groove arrays consisting 
ofIand (L) and groove region (G) ] which are separated by a 
propagating space (S) that forms a cavity. The input and 
output micros trip loop transducers which are fabricated on a 
quartz substrate (Q) are usually placed within the space (S) 
such that the structure (A) is on top of the structure (B) in 
flipped configuration. The resonators are tuned over differ-
ent frequencies by adjusting the bias magnetic field shown as 
Hdc in Fig. 1. In general, Hdc versus frequency relation is 
approximately linear.7 The equivalent circuit of a typical 
MSSW resonator is shown in Fig. 1 (c). The corresponding 
parameters can be obtained from experiments and using the 
fonowing equations: 
Insertion loss (dB) = - 20 log r, ( 1 ) 
R, = RoO - r)/(1 + r), (2) 
2144 J. Appl. Phys. 64 (4). 15 August 1966 0021-8979/88/162144-06$02.40 @ 1988 American Institute of PhYSics 2144 
.......... :.:.: •. :.:.;.; .......................... . 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
128.211.247.29 On: Mon, 22 Dec 2014 23:55:19
FIG. 1. MSSW resonator structure with its equivalent circuit (c). The di-
mension ofa typical resonator is 25 mmX 1 mmX 264/lm (14-,um YIGfilm 
on 250-llm GGG substrate). 
R z = 2Ror/( 1 - r). 
Ro= 50n, 
Q = 2RoC{J)/( 1 + r)2, 
L = Uttle. 
(3) 
(4) 
(5) 
(6) 
In order to design a resonator, it is essential to know the 
dependence of quality factor (Q), insertion loss (lL), and 
off-resonance rejection (R), etc., on the resonator physical 
parameters like (1) YIG film thickness h, (2) number of 
etched grooves N, (3) etch depth d, (4) separation between 
the two arrays a. Initial theoretical investigations on these 
dependencies based on the model of cascaded transmission 
line sections due to each land and groove region has been 
done by Snapka.6 In the present experimental investigation, 
a systematic variation up to ± 20% of the theoretical val-
ues6 of h, d, a, and N were allowed in order to optimize Q. IL, 
and R. A large number of resonators were fabricated and 
tested with different loop transducer configurations. The 
resonator widths were successively reduced from 3 to 1 mm. 
EXPERIMENTAL RESULTS 
I t was found that although very high Q (3000 or more at 
6 GHz) can be obtained with 1-in-Iong by 3-mm-wide reso-
nator, IL was too high (34 dB) and R was too low (3-6 dB). 
Moreover, clean tunability was limited to only 5 GHz. Im-
provement in IL was made by reducing the resonator width 
and consequently the length of the transducer microstrips. 
By matching, IL can be reduced substantially and R is also 
increased. 
This present investigation shows that it is possible to 
meet an the fOUf criteria mentioned in the Introduction with 
I-mm-wide and 25-mm-Iong resonators built with EPI YIG 
films on 250-pm-thick GGG sub.'ltrate (YIG thickness 
h -14,um, etch depth d /h = - 2.5%. number of bars = 65, 
array separation = 2.4 mm). The width of the land region is 
determined by A 14, A being the MSSW wavelength of oper-
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ation. The groove width is given by:g = ).(1 - d Ih)/4. The 
loop spacing of transducer microstrips iSA /2. In this work. A 
was chosen to be 300 pm. The spacing between the arrays 
was kept an integral multiple of A for different resonators 
studied in this work. 
The measured loaded Q was 800--3000 over 3-6 GHz for 
a 3-mm-wide resonator. Reduction in the width of the reso-
nator to 1 mm reduced the Q to the range 550-2000 over 3-6 
GHz, still much higher than the YIG sphere resonator. The 
insertion loss with matched transducer was in the range 6-14 
dB (Figs. 2-4). The off-resonance rejection ~ 10-15 dB, 
higher at higher frequencies. The I-dB power compression 
points at 3 and 6 GHz were - 10 and 4 dBm. The magnetic 
field tunability of the resonator in the range 3-6 GHz is 
shown in Fig. 4. These resonators are usable at much higher 
frequencies, however, with higher Q and insertion loss as 
well. The resonance throughout the entire frequency range is 
single moded, and consequently no mode crossing is ob-
served. Mode crossings were found to occur even in the case 
of the best straight-edge MSSW resonators.7 It may be men-
tioned that 3-mm-wide etched grooved resonators did not 
have clean tunability beyond 5,0 GHz. This is because of the 
appearance of the uniform resonance mode higher than the 
MSSW resonance (at the low-frequency side of the MSSW 
resonance) . 
MATCHING THE LOOP TRANSDUCER 
As mentioned earlier, initially 3-mm-wide by I-in-long 
resonators were investigated along with 3-mm-long micro-
strip loop transducers. Though the resulting Q were 800-
3000 in the frequency range 800-3000, the corresponding 
insertion loss was very high 15-34 dB. Using I-mm-wide 
resonators, the insertion loss was found to be reduced to 8-
20 dB before matching. In order to reduce the insertion loss 
further, a I-mm-long microstrip transducer was electrically 
matched to 50-n input-output load, at resonance. For 
matching, SI! parameters (both magnitude and phase) were 
determined at resonance over 3-6 GHz at a 200-MHz inter-
val, with respect to corresponding I-mm transducer electri-
cal short obtained by grounding at the input of the micro-
strips. A Hewlett-Packard network analyzer was used for 
this purpose. 
f-------------I- 80 
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3 
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3·5 
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4GHz 
FIG. 2. 6-dB resonance insertion loss at f = 3.5 GHz; 1.5-mm-wide resona-
tor K z· used with I-mm matched transducer. The high-frequency-side reso-
nance, however, is not observed for other resonators of 1 mrn width. 
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FIG. 3. (a) Resonator response at 6 GHz. I-mm resonator K2 is used with 
I-mm matched transducer. It is seen that the Sl! notch (upper curve) coin-
cides with theS21 peak (bottom) trace. Sweep range = 1 GHz. (b) Resona-
tor response at 6 GHz from I.S-mm-wide resonator K 2•• K 2• is obtained 
from the same batch of K2 resonators after increasing the etch depth from 
2.5% to 5.5%. (c) The response at 3.5 GHz from a resonator with h = 16 
f.i.m, d = O.71lm, S = 3.6f.i.m with a matched transducer. TheS2 ! peak coin-
cides with the SII peak as is expected for good matching. Before matching 
the latter was expected for good matching. Before matching the latter was 
occurring at 83 MHz higher. Matching improved the insertion loss in this 
case by 7 dB. 
S II parameters were plotted on a Smith chart (Fig. 5) 
and primary matching design principles were fonowed as 
provided by Hewlett-Packard application note 154. As 
matching over an octave band 3-6 GHz is difficult, we tried 
finally to optimize the matching through COMPACT (com-
puhir optimization of microwave passive and active cir-
cuits). The circuit which optimized the matching is shown in 
Fig. 6 (built on 250-,um quartz substrates, E, = 3.8). The 
optimized Sll parameters within 4000-5850 MHz are also 
shown in chart A. We were not very concerned about opti-
mization in the range 3-4 GHz, because the insertion loss at 
resonance was within 6--12 dB even with an unmatched 1-
mm transducer. Following standard equations') for micro-
strip circuits and the equivalent circuit of the COMPACT opti-
2146 J. Appl. Phys., Vol. 64. No.4, 15 August 1986 
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FIG. 4. Tunability of resonator 
response over 2.5-6.5 GHz 
with matched transducer after 
two months of continuous use. 
mized (Fig. 6), the length I L and the width w of the inductor 
micros trip were calculated to be 1.1 mm and 131 ,um. The 
matched transducer, with 50-,um loop microstrips was then 
fabricated through the usual UV photolithographic tech-
nique. The output transducer was a mirror image of the in-
put transducer shown in Fig. 6. After matching, the follow-
ing improvements have been observed. The equivalent 
circuit of the resonator transducer combination is also 
shown in Fig. 1. 
RESULTS OF TRANSDUCER MATCHING 
( 1) It has been possible, in general, to reduce the inser-
tion loss by 6 dB or more (in some special cases by 7-8 dB). 
i.e., the insertion loss at resonance with most of the I-mm 
resonators can be kept at 8-14 dB over 3-6 G Hz. At 3 G Hz, 
insertion loss as low as 6 dB at resonance has been obtained 
for some resonators (Fig. 2). Relative improvements at 
matching can be seen in Figs. 3(a) and 3(c) by noting that 
the S21 (resonance) peak coincides with Sli (reflection 
peak), which does not occur in the case of unmatched reso-
nator-transducer combination. With an unmatched resona-
tor the S2t peak does not coincide with the Sit peak, e.g., in 
Fig. 3 (c) (for a different resonator), before matching the SIl 
peak was at 83 MHz higher than the S21 peak and the corre-
sponding insertion loss was about 8 dB higher. 
( 2) The off-resonance rejection has been improved by 4 
dB, i.e., 10-14dB within 3-6GHz (Fig. 4). Before matching 
it was around 7-10 dB. 
(3) The matched Sit parameters have been found to be 
quite low (0.150, around 5-6 G Hz, compared to those of the 
computer values (Fig. 5). In the 3-5-GHz range the mea-
sured values were closed to the optimized values. 
(4) Tunability also improved after matching. With 
most ofthe resonators, matched transducers did not provide 
higher-Q resonance. 
In this work, single modedness of the resonance over 3-
6 G Hz was determined by finding out the phase shift at the 
resonance as the resonator is tuned over 3-6 GHz with re-
spect to the phase at 3 GHz. For this the phase shift due to 
the transmission line of the transducers was taken into ac-
count. The only resonance phase shift of 10°_12" could be 
recorded over 3-6 GHz. Finally, it may be mentioned that 
one of the resonators K2 had been used (after nearly four 
months of fabrication of the resonator and the transducer) 
in a feedback loop with a laboratory-made hybrid micro-
wave amplifier for oscillation in the range 3-5.3 GHz. The 
amplifier had a gain of 18 dB in that range, with gain flatness 
of 3 dB and noise of 2 dB level. The microwave oscillation 
produced, had a phase noise of - 105 dBcIHz at 10 KHz 
offset from the carrier. to 
D.KDe 2146 
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Smith CHART A 
FIG. 5. Measured SII parameters for the resonator I (7-#m YIG film) with I-mm unmatched transducer are shown in alphabetic orders denoted by small 
letters at frequencies: 3.0, 3.2, 3.4, 3.6, 3.8,4.0, 4.2, 4.4, 4.6, 4.8, 5.0, S,l, 5.2, 5.3, 5.4, 5.5, 5.55, 5.65, 5,75, 5,85, 5.95, and 6.0 GHz. Capital letters show 
measured S" at above frequencies with matched transducer. Numbers show SIt measured with another resonator (KL ) built with 14-#m YIG film, with a 
matched transducer in the range 3-6 GHz at steps ofO.2 GHz. 
DISCUSSION 
EarHer works2- S used high d Ih (as high as 6.4% to 
11 % ) to obtain high Q. Our works show that d / h basically 
helps to obtain a single-mode<! resonance with large off-reso-
nance rejection but does not improve Qbeyond certain d Ih, 
e.g., Qwas found to drop from 2000 to 1300 at 6 GHz when a 
resonator from the batch K2 was etched further to increase 
d /h from 2.5% [Fig. 3 (a)] to 5.5% [K2, in Fig. 3 (b)]. The 
corresponding insertion loss ( 14 dB) only slightly improved 
by - 1 dB and the off-resonance rejection dropped from 14 
to 12 dB [Fig. 3(b) J. For a given resonator transducer con-
bination, Q at the resonance also depends on the position of 
2'147 J. Appl. Phys., Vol. 64, No, 4, 15 August 1988 
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the transducer relative to the spacing (3) between the two 
arrays of bars and grooves. By reducing the separation 
between the two arrays, the spurious response or side lobes 
can be diminished to a great extent; however, the loaded Q is 
also theoretically predicted to be reduced. 5 Reduction in Q 
may be compensated by properly choosing the etch depth 
(d I h - 2-3 % ), land groove width as wen as the position of 
the transducer with respect to the cavity spacings. OUf 
works show that sman array separation ( < 2 mm) does not 
provide high off-resonance rejection. Higher off-resonance 
rejection may be possible by carefully choosing the separa-
tion of the loop strips. Experimentally, further improve-
ments may be attempted by giving plus or minus small varia-
O.K. De 2147 
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FIG. 6. Microstrip equivalent circuit obtained after matching through 
COMPACT. The dimension of the loop microstrip of the transducer is I 
mm X 50 /tm. This is designed for 300-p;m MSSW wavelength. Input and 
output transducers are separated by 2.4 mm. They are placed within the 
cavity of the resonator. 
tions about the length and width of the inductor microstrip 
(Fig. 6) to reduce the 3 11 at high frequencies. Because of 
metal loading by the YIG, the effective wavelength Aeff of 
the wave launched by the transducer differs from that ex-
pected on the basis of the equation A.u = 2s, where s is the 
separation between the two microstrips of a loop. If this sep-
aration is chosen carefully, the insertion loss will also im-
prove further and it will be less than 14 dB at 6 GHz. This 
may be true for a lOO-pm wavelength short resonator (the 
advantage of using small MSSW wavelength is that the reso-
nator length can be shortened to - 8 mm, keeping the num-
ber of bars in each array - 60, and Q is very high for shorter 
wavelengths because of increased delay time r) as can be 
seen from Fig. 7, where the resonance has been placed out of 
the top of the transducer passband. Otherwise, the insertion 
loss could have been 16 dB at 6 GHz even with an un-
SOdB 
70 
~ ____ ,, ____ -. ____ ~ __ ~1MM 
6 
FIG. 7. Narrow resonator (7 mm X I mm X 263 /tm) designed for 1000Itm 
wavelength. The loop transducer was also designed for the same wave-
length. However, because of metal loading by the YIG the corresponding 
wavelength is changed and the resonance peak is shifted out of the top ofthe 
transducer passband. The insertion loss with unmatched transducer is 26 
dB and the Q is 3500. 
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FIG. 8. Time-delay measurements at resonance in the range 3-6 GHz. Res-
onator ! mm wide (with 7-/tm YIG film) and I-mm matched loop trans-
ducer are used for measurements. 
matched transducer. This problem together with the effect 
of the surface quality of the YIG film on Q and IL, etc.; 
remains to be further investigated. It may be mentioned that 
at higher bias field (which corresponds to higher resonance 
frequency) the transducer passband shrinks because of the 
narrowing down of the difference between the upper and 
lower cutoff frequencies in a ferrite l for the MSSW wave. 
Because of this, the matching of wavelength launched by the 
transducer with the periodicity of the resonator grating be-
comes very important. A small mismatch will place the reso-
nance peak at a different position other than the top of the 
passband, and this will add to the insertion loss significantly 
at high frequency. Change of wavelength because of the met-
alloading by the YIG also needs to be taken into account. 
These above-mentioned problems are found to be very im-
portant for short resonators [6-8 mm long and 1 mm wide, 
14-pm YIG film on 250-,um GGG substrate operating at low 
MSSW wavelength ( 100 pm) ]. Such resonators were found 
to have Qinexcess of 3500 at 6 GHz (Fig. 7). If the above-
mentioned corrections could be made then such short reso-
nators can have very low insertion loss and high off-reso-
nance rejection and would be highly useful in microwave 
oscillator. 
It may be mentioned that we have carried out time-delay 
measurements at resonance by finding out the phase shift 
~~ when the frequency is changed by ~fE = 5 MHz) about 
the resonance point. The delay r is measured through the 
equation 
( 1 ).6.<1> r = 21rL !J.j' 
where L is the spacing between the input and output trans-
ducers. The measured time delay over the frequency range 
3-6 GHz is shown in Fig. 8 for the resonator I and a matched 
I-mm microstrip transducer. The resonator tranducer com-
bination was set for Q = 500-1700 in the range 3-6 GHz 
with corresponding insertion loss 8-16 dB. Increase of inser-
tion loss by 2 dB (higher than 14 dB obtained from fresh 
transducer) is possibly due to the deterioration of the trans-
D. K. De 2148 
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dueer microstrip and the OMS connectors upon use over a 
span of three months. It is found that the delay varies linear-
ly (Fig. 8) with resonance frequency in the range 3-6 GHz. 
It should be noted that different delay times correspond to 
different bias fields at the corresponding resonance frequen-
cies. The delay r of a resonator is related to its Q by Q = 1fT! 
Though the measured Q vs f of a resonator in most cases 
have been found to be approximately linear, the loaded Q is 
about 25% smaller than that calculated from Q = 1fT! This 
may be associated with the propagation loss in the YIG film 
and its loading by the metal transducers. 
Finally it may be mentioned that one can obtain the 
equivalent circuit parameters [Fig. 1 (c)J of the resonator 
Kl from the Eqs. (1)-(6), using loaded Q of 1600 and 
IL = 14 dB at 6 GHz, as R\ = 33 .fl, R z = 25 .fl, L = 0.22 
pH, and C = 3,2 nP. 
CONCLUSIONS 
( 1) By reducing the width of the resonator and the 
length of loop strip of the transducer, the insertion loss at 
resonance is reduced significantly. This is also reflected in 
the lower Sl\ parameters (see the Smith chart plot A of Sll)' 
(2) By matching the transducer the insertion loss has 
been reduced further by 6 dB. The off-resonance rejection 
has improved by at least 4 dB; tunability has improved. Q, 
however, did not improve. 
( 3) Q of resonators (as studied in this work) depends 
mainly on (0 exact reproduction of the mask on Yla (i.e., 
2149 J. Appl. Phys., Vol. 64, No.4, 15 August 1988 
uniform land groove spacings throughout the arrays) as well 
as the transducer on quartz substrate; (ii) a large number of 
bars per array, typically ~SM; (iii) d Ih = -2.5%. 
( 4) High-resonance Q and low insertion loss are possi-
ble with MSSW resonators. 
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